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Mos. the C-NOS proto-oncogene product, is a key regulator of cell cycle progresslon Recently. rapid turnover of Mos in an early stage of meiotic 
maturation of Xrnopus oocytes was found to be mediated by the ublqultin pathway, but the protease responsible for Its breakdown was not 
identified In the present study, we found that “S-labeled Mos synthesized m an m \ltro transcription/translation system was degraded ATP- and 
time-dependently by the 26s proteasome, but not by the 20s proteasome, m the presence of a ubiqultin-ligation system. The 26s proteasome did 
not degrade a mutant Mos m which Ser’ was replaced by Asp’ that IS metabolically stable m oocytes, indlcatmg a simllanty m the proteolytic events 
m v&o to those observed m vitro m the present work This 1s the first demonstration that the proteasome catalyzes the ATP-dependent degradation 
of a naturally occurrmg, short-lived oncoprotem by the ubiquitm pathway This finding suggests that the proteasome may regulate the mtracellular 
stability of various oncoproteins. 
ATP-dependent proteolyals: Mos; Proteasome, Ubtqtntin system 
1. INTRODUCTION 
Ubiquitin (Ub) confers a degradation signal to target 
proteins by covalent attachment to them through a 
multi-step enzymatic process catalyzed by Ub-activat- 
ing enzyme El, Ub-conjugating enzyme E2 and Ub 
recognition protein E3 [ 11. Recently, proteins with aber- 
rant structures and naturally occurring short-lived pro- 
teins related with cell cycle control were reported to be 
degraded selectively by the Ub pathway. Indeed, the 
degradations of a regulatory component of MPF (M- 
phase promoting factor), cyclin, the oncoprotein Myc 
and the tumor-suppressor protein ~53 were reported to 
be ATP-, and Ub-dependent (reviewed in [2]). Based on 
in vitro [3] and in vivo [4] studies, the proteasome, a 
central enzyme catalyzing a nonlysosomal proteolytic 
pathway, has been proposed to be the enzyme responsi- 
ble for breakdown of proteins targeted by ubiquitina- 
tion. Moreover, ubiquitinated proteins have been sug- 
gested to be degraded ATP-dependently by the 26s pro- 
teasome complex [1,2,.5,6]. The features of this unusu- 
ally large complex containing a multicatalytic 20s pro- 
teasome have been studied using various model pro- 
teins, such as lysozyme. cl-lactoalbumin. P-lactoglobulin 
and P-galactosidase, but it is still not clear whether the 
complex is actually involved in the Ub pathway of deg- 
radation of important naturally occurring proteins. Re- 
cently, the c-nzos proto-oncogene product Mos, a key 
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regulator of the meiotic cell cycle [7], was shown to be 
very unstable in the early stage of oocyte maturation in 
Xenoplrs and this extreme instability was found to be 
due to its rapid breakdown by the Ub pathway [8]. It 
was, therefore, of interest to examine whether the 26s 
proteasome is responsible for preferential degradation 
of ubiquitinated Mos. In this work, we found that the 
26s proteasome catalyzed ATP- and Ub-dependent 
breakdown of Mos in a reconstituted proteolytic sys- 
tem, consisting of the 26s proteasome and a Ub-system. 
2. MATERIALS AND METHODS 
Xwopus c-~OJ and mutant mRNAs were transcribed using an SP6/ 
T7 Transcription kit (Boehrmger Mannheim) from the corresponding 
full-length clones (pSP64-MPSP encoding the nattve Mos and its de- 
nvatlve pSP64-MPDP encodmg mutant Mos with Asp’ m place of 
Se?) with SP6 RNA polymerase [S]. The mutant C-)WS cDNA was 
prepared as described [8] The mRNAs nere translated m the presence 
of [Z5S]methionme m a rabbit reticulocyte lysate (Amersham). 
2 2. A .w v of Mm degrudu t ton 
For assay of Mos degradation. 1 pl (about 5,000 cpm) of [“S]Mos 
translated m a reticulocyte Iqsate was incubated at 37°C for I20 min 
in a total volume of 100 ~1 of reaction mixture containing 100 mM 
Trls-HCI (pH 9 0). 5 mM MgCl,. 2 mM ATP. I mM dithlothreltol. 
2 U/ml pyrophosphatase. 7.5 pg of Ub and 1 pg of purlfied 26s 
proteasomes m the presence or absence of the Ub--protein hgation 
enzymes El + E? and E3. Reaction products precipitated with cold 
acetone were subjected to SDS-PAGE, and the disappearance of 
[“S]Mos was monitored fluorographically. For measurement of the 
activity without Mg’+, 20 mM EDTA was added to the assay mixture. 
Highly purified El + E2 and partially purified E3. which were added 
to an assay mixture in amounts of 12 fig and 30 pg. respectively. were 
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Fig. 1. In vitro ubiquitination of Mos by the Ub-system. For details 
of the assay mixture. see section 2. EDTA was added at a final concen- 
tration of 20 mM. The asterisk shows a band of artlfxt, which may 
be a [“S]Met-tRNA Closed circles on the right show positrons of 
ublqmtmated Mea. The arrowhead shows the posmon of Mos. The 
“C-labeled molecular weight markers (Amersham) used were myosm 
(200 kDa). phosphorylase-b (98 kDa). bovme serum albumm (69 
kDa). ovalbumin (46 kDa). carbonic anhydrdse (30 kDa) and Iy- 
sozqme ( 14 kDa). 
obtamed from a rabbit reticulocyte extract by Ub-Sepharose affinity 
chromatography as described before [9]. The 20s proteasome [IO] and 
26s proteasome [l I] were purified as reported. 
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3.1. In vitro ubiyuitinution of Mos 
Recently, Nishizawa et al. [S] reported that Mos is 
ubiquitinated before being broken down in Xmopus 
oocytes. We examined whether Mos is ubiquitinated in 
vitro by incubating it with Ub and purified El + E2 and 
E3. As shown in Fig. 1, ““S-labeled Mos of 39 kDa was 
multi-ubiquitinated. The ubiquitination was Mg”-de- 
pendent and therefore ATP-cleavage-dependent. These 
results suggest that Mos is a target of the Ub system. 
The ubiquitination pattern was consistent with that ob- 
tained with a reticulocyte lysate by Nishizawa et al. [8]. 
Interestingly, the multi-ubiquitination of Mos was 
markedly stimulated by the addition of E3 in the pres- 
ence of El and E3, suggesting that the ubiquitination of 
Mos is largely E3-dependent. This finding is consistent 
with the ‘second-codon rule’, which mimics the N-end 
rule mediated by E3 [ 131, for Mos degradation observed 
in XHO/JZG oocytes [8]. 
The 26s proteasome containing a 90s proteasome is 
proposed to be an ATP-dependent protease in mammal- 
ian cells [ 1.6,10]. We examined whether the 26s pro- 
teasome is involved in the ATP-dependent degradation 
of [“‘S]Mos and whether post-translational modifica- 
tion by ubiquitination is essential for Mos degradation 
in vitro. As shown in Fig. 2 (left panel), [3’S]Mos was 
degraded significantly. but only gradually, by the 26s 
proteasome in the presence of ATP only, but the further 
addition of a Ub system greatly stimulated its degrada- 
tion by the 26s proteasome (Fig. 2. right panel). This 
26s + Ub-System 
0 0 15 15 30 30 60 60 120 120 (min) 
* 
Fig. 2. Time course of Mos degradation by the 36s proteasome. [“S]Mos synthesized m vitro was Incubated at 37°C with the 26s proteasome (left 
panel), or the 26s proteasome and a Ub-ligated system. consisting of Ub, El + E2 and E3 (right panel) for the mdlcated times. Symbols are as 
for Fig. 1 Samples were run m duplicate. Asterisks show bands of artlfacta. The upper asterlsh is as for Fig. I The lower asterisk Indicates a band 
thought to be a product translated from the second Met of Mos mRNA 
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fluorographic film, suggesting rapid degradation of Ub- 
ligated Mos by the 26s proteasome. Possibly, the ubiq- 
uitination step is rate-limiting, and the subsequent deg- 
radation is so rapid that no intermediates were detecta- 
ble. The Ub-dependent degradation of Mos by the 26s 
proteasome seemed to be ATP-dependent, because re- 
placement of Mg’+ by EDTA almost completely inhib- 
ited the degradation of Mos that had been ubiquitinated 
by the Ub system (data not shown). The 20s multicata- 
lytic proteasome did not degrade [3’S]Mos in the pres- 
ence or absence of the Ub-ligation system (Fig. 3). 
Moreover, significant multi-ubiquitination of Mos oc- 
curred on addition of the Ub-system in the presence of 
the 20s proteasome (Fig. 3), as seen in Fig. 1. This 
finding is consistent with the observation that the 20s 
proteasome also has no effect on the degradation of 
[“51]lysozyme-Ub conjugates [l 11. 
3.3. Absence of degradation of mutant MPDP-Mos 6) 
the 26s proteasome 
Fig. 3. Degradation of Mos by the 20s proteasome. The system was 
as for Fig. 2. except that the purified 20s proteasome ( 1 pg) was used 
instead of the 26s proteasome. Symbols are as for Fig. 1. 
finding suggests that the 26s proteasome catalyzes Mos 
degradation in a ubiquitination-dependent manner. In- 
terestingly, in this system, no band of ubiquitinated 
Mos was detected even on longer exposure of the 
To obtain further information on Mos degradation 
in the present reconstituted proteolytic system, we ex- 
amined the degradation of a mutant Mos named 
MPDP-Mos, in which Ser” of native Mos (named 
MPSP- Mos) is replaced by Asp3. This mutant is 
metabolically stable in oocytes. consistent with increase 
in stability observed on phosphorylation of Ser3 in na- 
tive Mos [8]. As shown in Fig. 4 (left panel), [“SIMPDP- 
Mos, which was synthesized in vitro, was not degraded 
Mg2+ - _ + + - _ + + _ _ 
EDTA - - - - + + - - + + 
26s - -++++++++ 
El+E2+E3 - - - - - - + + + + 
MPDP 
+ + 
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+ + 
- + 
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MPSP 
Fig. 4. Ubiquitmation and degradation of mutant MPDP-Mos m which Ser’ of native MPSP-Mos was replaced by Asp’. The degradations of 
MPDP-Mos (left panel) and MPSP-Mos (right panel) were exammed. The arrowhead shows the posItIon of Mos. Note that no larger bands of 
the ublqultmated Moa were detected. Symbols are as for Fig. 1. 
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appreciably by the 26s proteasome with or without 
ATP and/or the Ub-conjugation system. This was in 
marked contrast to the rapid degradation of the native 
MPSP-Mos in the presence of ATP and the Ub-conju- 
gation system (Fig. 4. right panel and Fig. 2). On re- 
placement of Ser’ by Asp’, Mos acquires a negative 
charge in the N-terminal region. which might result in 
loss of its recognition by E3 in the Ub system, as ob- 
served in a Xenopus oocyte system [8]. This possibility 
is supported by the finding that incubation of 
[?S]MPDP-Mos with the Ub-ligation enzymes did not 
result in generation of ubiquitinated bands of larger size 
(Fig. 4, left panel), an observation that is consistent with 
results obtained with a reticulocyte extract [S]. These 
findings show that Mos is degraded ATP-dependently 
by the 26s proteasome in a Ub-dependent fashion. 
4. DISCUSSION 
Many investigators including our group have re- 
ported purification and characterization of the 26s pro- 
teasome complex containing a 20s proteasome and its 
catalysis of ATP-dependent degradation of proteins 
modified by ubiquitination [1.2,6,11]. But the natural 
substrates of this enzyme complex have not been identi- 
fied. In the present study, we showed that Mos is a true 
substrate of the proteasome degraded by the Ub path- 
way (Fig. 2). Nishizawa et al. [8] reported that introduc- 
tion of a negative charge into Se? located in the N- 
terminal region of Mos by phosphorylation prevents its 
recognition by the Ub-ligated system, possibly by the 
E3 recognition protein. This result is consistent with our 
finding that a mutant MPDP-Mos with an artificially 
introduced negative charge was not a substrate of the 
Ub-dependent degradation system (Fig. 4). Thus. the 
unmodified Mos. which is an unstable form in Xenopus 
oocytes, is degraded by the 26s proteasome after its 
ubiquitination. 
This degradation of [35S]Mos was not much faster 
than the degradation of [‘~SI]lysozymeeUb conjugates 
by the 3% proteasome [l 11. There are several possible 
explanations for this finding. For example. another 
ATP-dependent protease distinct from the 26s pro- 
teasome may be involved in Mos degradation, or differ- 
ent Ub-ligation enzymes from those used in this study 
might be responsible for the ubiquitination of Mos. 
Alternatively, the [%]Mos used as a substrate might 
have been partly phosphorylated during its synthesis in 
a reticulocyte lysate. Furthermore, the characteristics of 
the degradation system of amphibian oocytes. such as 
the optimal temperature, may be somewhat different 
from those of the mammalian system. 
There are two classes of the mammalian Ub-recogni- 
tion protein E3 named E3cx and E3P. which are distin- 
guished by their selective degradations of Type I/II pro- 
teins with basic or bulky hydrophobic side chains and 
of Type III proteins with small uncharged residues at 
their N-termini, respectively [l]. The N-terminal residue 
of Mos is unique in being Pro, no other proteins with 
an N-terminal Pro residue having been reported to be 
ubiquitinated. It will be interesting to determine which 
type of E3 catalyzes the ubiquitination of Mos. 
We have reported that ATP is required not only for 
ubiquitination, but also for subsequent degradation of 
ubiquitinated proteins [ 131. However, recently we found 
that the 26s proteasome catalyzes ATP-dependent deg- 
radation of ornithine decarboxylase (ODC) without 
ubiquitination, when ODC is associated with an an- 
tizyme. an ODC inhibitory protein, induced by polyam- 
ines [14]. Therefore. the 26s proteasome recognizes not 
only the Ub moiety, as demonstrated by Mos degrada- 
tion here. but also the antizyme complex and possibly 
other degradation signals. The 26s proteasome complex 
is thus an important enzyme for energy-dependent pro- 
teolysis in cells. and may be responsible for proliferation 
and differentiation of cells through selective removal of 
various regulatory proteins involved in cell-cycle pro- 
gression. 
REFERENCES 
[II 
PI 
[31 
PI 
PI 
[61 
[71 
PI 
[91 
PO1 
[I 11 
[l?l 
[I31 
[I41 
Hershko. A. and Ciechanover. A (1992) Annu. Rev. Biochcm. 
61. 761-807 
Rechsteiner. M (1991) Cell 66, 615-618. 
Matthews, W.. Tanaka. K.. Drrscoll. J.. Ichihara. A. and Gold- 
berg, A. (1989) Proc. Natl. Acad. %I. USA 86. 259772601 
Rtchter-Ruoff. B.. Hememeyx, W. and Wolf. D.H (1992) FEBS 
Lett 302. 192 196. 
Tanaka, K , Tamura. T.. kbahimura. T. and Ichihara. A. (1997) 
New Biologtst 3. 173 -187. 
Goldberg. A.L. (1902) Em J. Btochem 305. 9 13. 
Sagata, N , Watanabe. N.. Vande Woudr. G.F and Ikaua. \I 
(1989) Nature 34’ 512 51X. -. 
Ntshtra\\a. M . Okazakt, K.. Furuno. N . Watanabe. N and 
Sagata. N. (1992) EMBO J. I I, 1433p1416 
Tamura. T.. Tanaka. K., Tanahashi. N. and Ichihara. A. (lY91) 
FEBS Lett. 291. 153-158 
Tanaka. K . Yoshtmurd. T., Kumatort. A., Ichthard. A., Ihai. A.. 
Ntshigat, M., Kameqama. K and Takagi. T 11988) J. Btol. 
Chem. 263, 16209~16217. 
Ugat, S.. Tamura. T.. Tanahasht. N . Tdka. T.. Komt. N.. 
Chung, C.H . Tanaka, K. and Ichihara. A (1993) J Btochem, 
m press 
Varshavsky. A. ( 1993) Cell 69. 725-735. 
Tanaka. K.. Waxman. L. and Goldberg. A L. (1983) J. Cell Blol 
96. I580~1585 
Murakami. Y., MatsufuJi. S . Kamgi. T. Hayasht. S.. Igarasht. 
K.. Tamura. T.. Tanaka. K and Ichthara. A. (1991) Nature 360. 
597_~599. 
